Marine mammals have lost the ability to express S-cone opsin, and possess only one type of M/L-cone in addition to numerous rods. As they are cone monochromats they should be color blind. However, early behavioral experiments with fur seals and sea lions indicated discrimination ability between many shades of grey and blue or green. On the other hand, most recent training experiments with harbor seals under ''mesopic" conditions demonstrated rod based color blindness (Scholtyssek et al., 2015) . In our experiments we trained two harbor seals (Phoca vitulina) and two South African fur seals (Arctocephalus pusillus) with surface colors under photopic conditions. The seals had to detect a triangle on grey background shown on one of three test fields while the other two test fields were homogeneously grey. In a first series of experiments we determined brightness detection. We found a luminance contrast of >3% sufficient for correctly choosing the triangle. In the tests for color vision the triangle was blue, green or yellow in grey surround. The results show that the animals could see the colored triangle despite minimal or zero brightness contrast. Thus, seals have color vision based on the contribution of cones and rods even in bright daylight.
Introduction
Mammals, with the exception of old-world primates, have in general two cone types and dichromatic color vision. Marine mammals, however, have lost their S-cones as known from immunocytochemical investigations of the retina (Peichl, Behrmann, & Kröger, 2001; Peichl & Moutairou, 1998) and molecular genetic studies of the opsin component of photopigments (Levenson et al., 2006; Newman & Robinson, 2005) . Thus, pinnipeds are cone monochromats with only one M/L-cone type. In harbor seals only 1% of the photoreceptors are cones, whereas the vast majority consists of rods (Peichl & Moutairou, 1998) . Maximal absorbance of rod rhodopsin in situ was found at 496 nm (Lavigne & Ronald, 1975) , whereas the gene sequence predicted a value of 501 nm (Levenson et al., 2006) . The gene sequence of cone opsin predicted maximal absorbance at 552 nm in harbor seals (Levenson et al., 2006) . The same value was found by measuring the absorbance spectrum after expressing the LWS opsin supplied with 11-cisretinal in mammalian cells (Newman & Robinson, 2005) . For the South African fur seal (Arctocephalus pusillus) there are no data available. In another Otariid species, the sea lion (Zalophus californianus) maximal absorbances of rods and M/L cones were predicted at 501 and 560 nm, respectively (Levenson et al., 2006) .
As color vision requires the comparison of the signals of at least two photoreceptor types (cones in vertebrates) marine mammals have been presumed color-blind. However, to prove the existence of color vision or color blindness behavioral experiments are necessary. There are two earlier studies which strongly indicate that fur seals and sea lions are able to discriminate blue and green from many finely tuned shades of grey (Busch & Dücker, 1987; Griebel & Schmid, 1992) . Thus, there is a discrepancy between the results of cellular and molecular-genetic studies, and the behavioral data (Griebel & Peichl, 2003) . As a solution it was proposed that the signals of M/L-cones are compared with signals of rods. Assuming that rods work at lower light levels, recent behavioral experiments have been performed under conditions which are mesopic for humans (Scholtyssek & Dehnhardt, 2013; Scholtyssek, Kelber, & Dehnhardt, 2008; Scholtyssek, Kelber, & Dehnhardt, 2015) . The authors investigated the brightness discrimination ability of one harbor seal (Phoca vitulina) and one South African fur seal (Arctocephalus pusillus) in a first step. This is necessary because it has to be excluded that the animals discriminate on the basis of brightness instead of color. They found that harbor seals and fur seals were able to discriminate brightness differences of 14% and 8-10%, respectively. In subsequent tests for color vision harbor seals were unable to discriminate blue and green of equal brightness. Furthermore, one harbor seal responded to these colors as ''equal" in a ''same-different" task (Scholtyssek et al., 2015) . Thus, under ''mesopic" conditions seals behaved as if color blind.
In our behavioral training experiments performed with two harbor seals (Phoca vitulina) and two fur seals (Arctocephalus pusillus) we worked under various natural daylight conditions outdoors between bright sunlight and overcast sky using surface colors. The animals had to perform an object detection task: they were trained on a triangle in grey surround on one test field, while the other two test fields were homogeneously grey. To be certain that color is not confounded by brightness cues, we tested at first grey triangles in grey surround and later blue, green, yellow and orange triangles again in grey surround. We found that the animals did not have problems in detecting the colored triangle even in situations with minimal or zero luminance contrast. Thus, under photopic illumination conditions and using an object-detection task seals show color vision.
Material and methods

Animals
Two harbor seals (male Fridolin, 9 years old, and female Angie, daughter of Fridolin, 1.5 years old) and two South African fur seals (male Otti, 8 years old and female Nabi, two years old; age data refer to the beginning of the experiment) were trained in 
Setup
The three test fields were presented on a vertically oriented dark grey plastic board (88 cm long, 36 cm height) standing on the land part of the enclosure (Fig. 1a) . The test field folia (DIN A4) were inserted in three U-shaped frames (22 cm vertical, and 24.5 cm horizontal) from above and their position could be easily changed after each trial in random order. At a ''target", a tennis ball attached to a stick, the animals could be stationed after each trial. Whereas the two harbor seals and the female fur seal were trained and tested on the enclosure visible to the visitors of the Zoo, fur seal male Otti was trained behind the scene (Fig. 1b) . For him each of the three test fields was presented on a separate hanger next to each other on the fencing at a height of about 1 m. The target on which the animal was stationed after each trial was 3 m away. From this position the seal could not see the test fields while their position was changed.
Stimuli
To investigate the capacity for brightness detection we printed a grey triangle of variable brightness in grey surround of medium brightness. This was the positive stimulus rewarded with fish. The other two (negative) test fields showed a homogeneously grey field of the same size and brightness as the surround of the triangle (width: 21 cm, height: 15 cm). The grey steps were selected using CorelDRAW 11. The HSB color model was used, characterizing color by hue (H), saturation (S) and brightness (B). The grey fields had the values H/S/B = 0/0/60, the triangles H/S = 0/0, and B = 10, 25, 38, 49, 51, 57, 59, 61, 63, 65, 73, 80, 87 and 90 . Using Adobe Photophop CS2 the edges of the triangles were slightly blurred (Gaussian blur 20 pixels) to prevent possible border contrast due to printing. The patterns were printed on Digital Color Printing paper (Claire fontaine 100 g/m 2 ) using an Epson Stylus Photo EX printer. To protect the prints, the folia were laminated (A4 MattPouch, GBC9). This also reduced the fluorescence peak at 440 nm. In the tests for color vision the triangle was blue, green, yellow or orange, in grey surround. The CorelDRAW values of these colors were as follows. Blue: H/S/B = 240/100/60; green: H/S/ B = 120/100/20, 30, 40, 45, 48, 50, 51, 52, 55, 60, 70, 80, 90, 100; yellow: H/S/B = 60/100/0, 10, 20, 30, 40, 45, 47, 48, 49, 50, 51, 52, 53, 55, 60, 70, 80, 90, 100; orange: H/S/B = 0/100/10, 15, 20, 25, 30, 35, 40, 45, 47, 48, 49, 50, 51, 52, 53, 54, 55, 60, 65, 70, 80, 85, 90, 100 . The blue triangle was presented in grey surround of variable brightness, whereas for practical reasons the green, yellow, and orange triangles varied in brightness and were surrounded by constant grey (H/S/B = 0/0/60). The homogeneously grey test fields, used as negative stimuli, were equally bright as the grey surround of the triangle. The spectral reflectance of all grey steps and triangles were measured between 350 and 700 nm in steps of 1 nm using a spectroradiometer (Instrument Systems, Spectro 320). The spectra are shown in Fig. 2a . In addition, the luminance values Y were noted, given by the spectroradiometer. This photometric unit is based on the human V k -function. It was used because its k max (555 nm) is very close to that of the cone sensitivity function of harbor seals (552 nm) (Fig. 2b) . Furthermore, it allows comparison with the results of other studies.
Illumination
Due to the specific conditions of a Zoological Garden the animals had to be trained outdoors under different weather conditions. As natural daylight is variable we measured the spectral radiance flux of the illumination at the beginning of the experiments. For practical reasons and because we did not find any difference in the results under direct sunlight or overcast sky we stopped these measurements after some time. In Fig. 2b some examples of typical conditions are shown in comparison with the mean daylight spectra D55 and D75 (from Henderson, 1977, Tab. 6 ). We measured daylight reflected by a horizontal white filter paper (Munktell 1F, 8721: equal reflectance between 300 and 700 nm) with a spectral radiometer (PR 650, Photo-Research SpectraScan).
Contrast calculation
The luminance contrast between triangle (t) and surround (s) was calculated for each test field folia according to C = (L t À L s )/L s by using the CIE-tristimulus value Y given by the spectroradiometer (see above). This value represents reflectance weighted by V k , the human photopic spectral sensitivity function. Cone contrast and rod contrast were obtained according to:
SiðkÞRiðkÞUðkÞdk Si(k): cone sensitivity with k max = 552 nm, or rod sensitivity with k max = 496 nm (Levenson et al., 2006) . Cone and rod spectral sensitivity functions (Fig. 2b) were calculated using the formula for A1 photopigments (Govardovskii, Fyhrquist, Reuter, Kuzmin, & Donner, 2000 , formula 1). Ri(k): spectral reflectance of triangle or surround ( Fig. 2a) , and U(k): the spectral radiance flux of illumination. For calculation we used a radiant flux U = 1 for the entire range between 350 and 700 nm. This value corresponds approximately to the mean of our measured daylight spectra in the range between about 450 and 700 nm. As triangle and surround are illuminated by each of the different natural daylights at the same time, contrast is almost not affected by changes of illumination. Extreme condi- tions have been avoided by performing experiments always around noon (see below).
Procedure
Each animal had been trained before to be stationed on a target at a certain position in the enclosure. The location of the experimental setup was near this target, but invisible from this position. The fur seal Otti had to stay at his station until a certain command (''an's Eck") was given. Then, he moved to the setup and made a choice, i.e. he touched one of the three test fields with his muzzle. A correct choice of the test field with the triangle was signaled by a whistle, and rewarded with fish. Choices of the homogeneously grey test fields were signaled with ''no", and not rewarded. After each choice, Otti had to return to the target while the position of the test fields was altered in a pseudo-random order, so that the training stimulus was shown at each position equally often, but not more than three times in succession at the same position. With their limited mobility on land the harbor seals remained near the setup between trials and moved their heads to the side. With the command ''an's Eck" they turned around and made a choice by touching a test field. The animals were trained and tested in two sessions per day, for about half an hour before feeding time at 11:15 and 15:45. The experiments were performed throughout the year every day except Sundays.
Data
Within one session about 30 trials could be performed. For each triangle color (grey, blue, green, yellow and orange) 14-23 test fields differing in contrast were presented. At least 130 trials were collected for each test field. In a few cases (near zero brightness contrast) a smaller number of choices was obtained (see below). The triangle colors were trained and tested successively, starting with grey and continuing with blue, green, yellow and orange. The different contrast values between triangle and surround were tested in random order, however taking care that high contrast values were given at the beginning of a trial and in between to keep the training level high. All choices of the animals were recorded on lists. The relative choice frequency on the test field with the triangle was calculated and is given in the figures. Using three test fields, the chance level is a choice frequency of 33.33%. As high choice frequency values near 100% have often been found, we set the threshold for detecting the triangle at 66.66% choice frequency (the mid between maximal response and chance). This corresponds to a threshold set at 70-75% choice frequency in training experiments using a two-alternative choice procedure.
To be certain that each data point is significantly above chance level, a binomial test was applied. The minimum number of choices to get a highly significant result (p > 0.001) was exceeded in all cases with colored triangles.
Results
Brightness contrast
The results of two harbor seals trained on a grey triangle of variable brightness in medium grey surround are shown on the left panels in Fig. 3 . With luminance contrast values between À0.41 and À0.04 (triangle darker than surround) male Fridolin obtained choice frequency values between 100% and 88%. Each data point represents between 123 and 155 single trials. Similar high choice frequencies were found between 0.02 and 0.30 luminance contrast. Between À0.01 and 0.01 luminance contrast choice frequency dropped to 0% and 9%. At contrast À0.01 Fridolin made 4 wrong decisions in 4 trials only, at contrast 0.01 he chose the correct test field only 9 times in 58 trials. The low number of trials confirms the observation that the seal was very reluctant to cooperate near zero luminance contrast. Setting the detection threshold at 66.66% choice frequency, we found a range of contrast values between À0.026 and 0.017 in which the animal obviously had difficulties in seeing the triangle. Harbor seal Angie refused to make choices at all at luminance contrast 0.0 and 0.02. In a second test with contrast 0.02 a choice frequency of 97% was reached. At threshold (66.66%) contrast values between À0.008 and 0.025 were obtained (Fig. 3) . Fur seal Otti made choices near the chance level of 33.3% between 0.01 and 0.03 luminance contrast. Here, the number of trials in which Otti cooperated was only some 60-120, compared with 130-155 trials at higher contrast values. At threshold, contrast values of À0.026 and 0.029 were found. Fur seal female Nabi obviously had problems in seeing the triangle well between the contrast values À0.15 and 0.026. Here, the low choice frequency values are due to wrong choices, but the number of choices was the same as in higher contrast ranges. Thus, with the exception of Nabi who often had problems in concentrating on her task, luminance contrast values of about +/À3% were sufficient to detect the triangle. . D55 and D75: widely used daylight spectra for 5500 and 7500°K shown for comparison (Tab. 6 in Henderson, 1977) . Below: Spectral sensitivity of rods (k max = 496 nm) and cones (k max = 552 nm) after Levenson et al. (2006) . V k is the human spectral luminous efficiency function for photopic conditions (k max = 555 nm), and corresponds to the CIE tristimulus value Y.
shows the results of tests with blue triangle within grey surround of variable brightness. The harbor seals reveal high choice frequencies near 100% in the tested contrast range between À0.15 and 0. In both seals there is one data point near zero contrast which may indicate that the blue triangle is seen because of color and not of brightness. In the fur seals most tested stimuli were in the range of À0.1 luminance contrast (i.e. most blue triangles were darker than the grey surround). There is again only one data point at zero contrast with a high choice frequency of 96% in male Otti, and one point with 84% choice frequency in female Nabi.
In experiments with green triangles (Fig. 5 ) the surround was a constant medium grey whereas the triangles varied in brightness. The tested luminance range was between À0.24 and 0.14. Harbor seal Fridolin showed with values between 94 and 100% very high choice frequencies, female Angie performed even better. Unfortunately the data points were not within the critical range around zero luminance contrast in which brightness detection failed. The results of Fridolin show one data point in this range. The same was the case with fur seal Otti. Here choice frequency dropped to a value of 74%. Fur seal female Nabi who was easily distracted showed choice frequencies between 100 and 80% in the low brightness contrast range.
The highest density of data points in the range of zero brightness contrast was collected with yellow triangles in grey surround (Fig. 6) . In both harbor seals choice frequencies were near 100% in this range. In fur seal Otti choice frequencies dropped to values near threshold at 0.02 luminance contrast, but never below. All other values near zero contrast were at 80% choice frequency or higher up. In fur seal Nabi the values are between 90% and 100% in the entire range, especially near zero luminance contrast in which she has had difficulties in the brightness experiment.
In many experiments with orange triangles (Fig. 7 ) harbor seals responded with 100% correct choices, fur seals in the range between 80% and 100%. There are several data points in the critical range around zero luminance contrast.
Discussion
Brightness contrast
The animals had to detect a grey triangle in grey surround of different brightness in a three-alternative choice situation. The triangle was shown on one test field while the remaining two test fields were homogeneously grey of the same brightness as the surround of the triangle. Thus, the animals had to perform an ''oddity" discrimination task and to find the ''odd" test field in comparison to the other two equal test fields. A similar procedure was applied by Griebel and Schmid (1992) in sea lions. They used homoge- Fig. 3 . Relative choice frequencies (%) on the grey triangle in grey surround of variable brightness. Abscissa: luminance contrast (t: triangle; s: surround). Horizontal lines: 33.33%: chance level, 66.66%: threshold criterion. Each data point above 66% consists in n = 113-160 choices. In harbor seals ''0" means 4 trials with 4 wrong decisions in Fridolin, but no choices at all in Angie. These animals refused to make choices when brightness contrast was very low. In fur seal Otti the number of choices was reduced to n = 57 and 71 choices near chance level, but not in Nabi (n = 155-130). The numbers represent luminance contrast at threshold (66.66%). Negative numbers: triangle darker than surround, positive numbers: triangle brighter.
neously colored plates (surface colors): two test fields were grey, and the third one blue or green. To be certain that the grey steps were small enough to reach the point of equal subjective brightness between color and grey Griebel and Schmid (1992) used the results of a brightness discrimination experiment by Busch and Dücker (1987) in fur seals. The lowest brightness discrimination thresholds they found corresponded to contrast 0.2 (see Fig. 3 in Scholtyssek et al., 2008) . Similar to the experiments by Busch and Dücker (1987) and Griebel and Schmid (1992) we used surface colors (colored paper) and trained the animals outdoors under variable natural daylight conditions. As shown in Fig. 3 , at threshold we found luminance contrast values of À0.026 for the two males and À0.008 and À0.15 for the two females when the triangles were darker than the surround (decrement), and values of 0.017, 0.029, 0.025 and 0.026 for triangles brighter than the surround (increment). There was no obvious difference between harbor seals and fur seals. The higher value of fur seal Nabi is probably due to problems in concentrating on the task. This young female was trained in the enclosure visible to the public and easily distracted. To summarize, we found a luminance contrast at threshold of approximately 0.03 for decrement as well as for increment stimuli. This value is much lower than the value 0.2 reported by Busch and Dücker (1987) .
Brightness discrimination was more recently investigated in one male harbor seal (Scholtyssek et al., 2008) , and one male fur seal (Scholtyssek & Dehnhardt, 2013) . Their measurements were performed under a constant ''mesopic" illumination of 0.9 lx. They used a two-choice discrimination task in which the animals were trained to choose the brighter of two grey test fields shown on a TFT monitor in black surround. The harbor seal was trained on each of 8 standard intensities (luminance between 5 and 16 cd/m 2 ) and tested against darker stimuli (Scholtyssek et al., 2008) . They found a constant Weber fraction (DI/I standard ) of 0.14. The fur seal was trained and tested in the same apparatus and reached slightly lower contrast values between 0.08 and 0.1 (Scholtyssek & Dehnhardt, 2013) .
In our experiment with the same species the task was much easier: the seals had to detect a triangle in surround of different intensity. Thus, we determined an increment or decrement detection threshold for adjacent areas within the same stimulus. In Scholtyssek's experiments (and also in Busch & Dücker, 1987 ) the two intensities were presented in separate test fields and had to be compared successively. The use of surface colors and an object detection task in our experiments revealed smaller contrast values and comes close to biological relevant situations in which a seal is hunting for prey in turbid water. By varying the brightness contrast between grey triangle and surround we found that there is an extremely small range of +/À0.03 in which the seals have problems in detecting the triangle. Therefore, in tests for color vision the data points have to be in this narrow range in which brightness contrast breaks down. Only if in this situation the triangle can be easily detected, color vision can be proven.
Color vision
To reach the appropriate brightness contrast values for the different colors and their grey surround we printed a large variety of grey steps or colors differing in overall reflectance (Fig. 2a) . In that way we had test fields with high contrast necessary for training and low contrast for the color tests. As the decisive contrast range was very small it was difficult to know beforehand the correct spectra. As shown in Figs. 4-7 for the colors blue, green and yellow there was at least one contrast value of triangle and surround which was in the range of minimal luminance contrast. On the basis of these data and the fact that most choice frequency values are between 90 and 100% and even the very few data points near threshold are with p > 0.001 significantly different from chance, we conclude that seals are able to see the triangle due to color.
Unfortunately, spectral sensitivity of seals is not measured in comparable behavioral experiments, and, therefore, we do not know exactly which luminance contrast corresponds to zero brightness contrast for the animal. We may assume that color vision in seals is based on rods and cones, but in which way they interact in brightness perception is an open question. For the interpretation of the brightness detection experiment it does not matter which spectral sensitivity function is underlying because of the rather flat spectral reflectance of the grey papers (Fig. 2a) : for grey triangle and grey surround the choice frequency data coincide when calculated as rod contrast, cone contrast or luminance contrast. For blue or yellow triangles in grey surround, however, the spectral sensitivity function matters: a blue triangle will be brighter than a yellow triangle for rods (k max = 496 nm), whereas for cones (k max = 552 nm) a yellow triangle will be brighter than a blue triangle. The grey surround will be the same for rods and cones.
In Fig. 8 we replotted the results of fur seal Otti this time as a function of rod and cone contrast which most likely determine spectral sensitivity in seals. In contrast to harbor seals who show in most cases very high choice frequency values, the results of Otti indicate a drop of choice frequency close to threshold for a few data points (Figs. 4 and 6) . A decrease of choice frequency can be expected whenever colored triangle and grey surround are of equal brightness. Therefore, the results of fur seal Otti may give a hint at the photoreceptors underlying brightness perception. When calcu- lated as rod contrast (black symbols in Fig. 8 ) the results for blue triangle are shifted into the range of zero contrast, but not when given as cone contrast (blue symbols). When calculated as cone contrast the results for yellow triangle are in the range of zero brightness contrast, whereas for rods, the yellow triangle is darker than the surround (Fig. 8, mid) . Thus, neither rods nor cones are exclusively responsible for brightness perception but probably a combination of both of them.
In Fig. 8 (below) the results for orange triangles are shown. When calculated as cone contrast all values are smaller than À0.1. This means that for cones (and for rods with values between À0.6 and À0.4) the triangle was always darker than the grey surround (Fig. 8, below) . As it is very likely that cones are involved in brightness perception this result indicates that the orange triangles are seen on the basis of both color and brightness and not on the basis of color only. Thus, color vision cannot be concluded on the basis of these data.
For the colors, blue, green and yellow, however, there are several data points in the ranges of minimal rod and cone contrast and in between to be certain that at least for some of them we may state that the triangle is seen on the basis of color and not on the basis of brightness as well. Thus, the high density of data points in these ranges and the fact that all choice frequency are significantly above chance level indicates that seals have color vision.
The basis of color vision in seals
Color vision requires the comparison of the signals of at least two photoreceptor types. Marine animals in general and the investigated seals in particular, are well known to possess one cone type only. Rods are generally assumed to be saturated under photopic conditions of bright daylight. Therefore, to solve the puzzle of cone-monochromacy and color vision, the experiments by Scholtyssek et al. (2008 Scholtyssek et al. ( , 2015 and Scholtyssek and Dehnhardt (2013) were performed under ''mesopic" conditions. In their recent test on color vision they found -contrary to our results -that harbor seals are rod monochromats and color-blind (Scholtyssek et al., 2015) .
There are several reasons why Scholtyssek et al. (2015) found color blindness based on rod-monochromacy in their training experiments. The most likely one is the overall illumination level of 0.9 lx. For human color vision this level is mesopic, i.e. there is a contribution of both: rods and cones. In animals, however, this range can be higher or lower. Obviously this is the case in harbor seals: their cones probably have a higher absolute threshold than in human vision and seem not to be active at 0.9 lx. Another reason could be that the animal had been trained on brightness differences for a long time in experiments before, and did not understand the task. It is also possible that ''color" is not important at all in the life of a seal, so that in the ''same/different" experiment the animal may have seen color but did not have a concept of this quality. This was not a problem in our experiment as the task was simply ''detect the triangle", and it is obvious that an object is seen better when there is not only a difference in brightness but also in color.
Color vision based on rods and cones in other mammals
An interaction of rods and cones resulting in color vision was found in the night-active primate Aotus trivirgatus. Whereas the results of behavioral experiments by Jacobs (1977) indicated protanomalous trichromatic color vision, later molecular genetic investigations and flicker-photometric ERG measurements showed that Aotus is a cone monochromat (k max = 543 nm) lacking the Scone type (Jacobs, Deegan, Neitz, Crognale, & Neitz, 1993) . The color vision abilities were assumed to be based on rod contribution under low illumination conditions. A rod pigment with k max = 518 -nm seems to be involved shown by fundus reflectometry (Kemp & Jacobson, 1991; cited in Jacobs et al., 1993) . Cone monochromacy with M/L-cones only was also found in African giant rats (Cricetomys) by immunocytochemistry (Peichl & Moutairou, 1998) . In other rodents, the Syrian and Turkish hamster (Mesocricetus auratus and Myotis brandtii) the UV/S-cone type was also shown to be absent (Williams & Jacobs, 2008) . In ERG-measurements a photopic spectral sensitivity function was determined with k max at 510 nm and 506 nm in the two species which reflects the sensitivity of rods.
Rod contribution resulting in color discrimination is also known in humans and primates (Cao, Pokorny, Smith, & Zele, 2008; Field et al., 2009) . As shown by Reitner, Sharpe, and Zrenner (1991) Scone monochromats demonstrate high wavelength discrimination abilities in the range of 460-480 nm under mesopic conditions between 0.8 and 80 trolands. Rod participation is also discussed in human dichromats under photopic conditions to explain their surprising reliability in naming colors correctly (Montag & Boynton, 1987; Garbers et al., 2011) . Rod-cone opponency involved in color vision was recently reported in transgenic mice (Joesch & Meister, 2016) .
Rods active under photopic conditions?
In the first attempt to determine spectral sensitivity of the photoreceptor types in harbor seals Crognale, Levenson, Ponganis, Deegan, and Jacobs (1998) measured the electroretinogram (ERG) under the conditions of 100 lx and a relatively high flicker rate of up to 30 Hz in which clear cone responses are found in other mammals. Accordingly they interpreted the sensitivity function with k max = 510 nm as cone function. Several years later the same group investigated the visual pigments of marine carnivores by sequencing the retinal mRNA (Levenson et al., 2006) . In Phoca vitulina, the harbor seal, they found no S-cone opsin, but M/L cone opsin with a predicted k max = 552 nm and rod opsin with k max = 501 nm. They repeated the ERG measurements with harbor seals and concluded that the photopic spectral sensitivity function obtained is due to rod signaling. In another molecular-genetic investigation the k max of M/L-cone in harbor seals was at 548 nm (Newman & Robinson, 2005) . No data are so far available for fur seals (Arctocephalus pusillus). For calculations of photoreceptor contrast we used the same data as for Phoca vitulina. To explain color vision in two species of Pinnipedia we have to assume that M/L-cones cooperate with rods which are active under photopic conditions.
The question arises whether rods in seals and other marine mammals have specific properties, different from those in terrestrial mammals. At which level are rods saturated in seals? Is it possible that mammalian rods in general are active under photopic conditions to a larger extent as previously assumed? As known from studies in transgenic mice (lacking cones), rods produce signals about two log 10 units above the level so far known to represent cone increment threshold (Naarendorp et al., 2010) . This seems to be in line with results in human rod monochromats (Sharpe, 1990) .
A possible mechanism to prevent rod saturation at higher light levels is the photoregeneration of rhodopsin well known in insects. In vertebrates there is evidence only in frogs so far. Analysing the absorption spectra of a retinal preparation Reuter (1976) showed that metarhodopsin III is photoconverted to rhodopsin and isorhodopsin. The results of investigations of bovine rhodopsin in vitro by Ritter, Elgeti, Hofmann, and Bartl (2007) can possibly be interpreted in the same way. Finally, it is possible that there are two types of rods in the retina of seals. Perhaps there is a subpopulation of rods with a higher absolute sensitivity and a k max at 510-520 nm instead of 500 nm. In cats for example there is a small proportion (8%) of retinal ganglion cells with maximal spectral sensitivity at 520 nm in the dark adapted state, and much higher flicker fusion frequencies of 60-70 Hz than found in ''normal" rod ganglion cells (Guenther & Zrenner, 1993) .
